ABSTRACT
INTRODUCTION
Skeletal muscle mass is increased in response to positive changes in workload or activity as a result of hypertrophy of individual muscle fibers, but the key molecular mediators of hypertrophy are only beginning to be elucidated [1] . Induction of hypertrophy in adult skeletal muscle is accompanied by the increased expression of insulin-like growth factor 1 (IGF-1) [2, 3] . In fact, several researchers clearly showed that the mRNA level and immunoreactivity of IGF-I were markedly increased in the hypertrophied plantaris muscle by surgical ablation of co-operative muscles [2, 3] . When IGF-1 levels were enhanced by using a muscle-specific promoter in transgenic mice, increased muscle size resulted [4, 5] . These lines of evidence support the idea that the hypertrophy of mature skeletal muscle can be mediated by pathways activated by autocrine or paracrine sources of IGF-1.
The binding of IGF-1 to its receptor triggers the activation of several intracellular kinases, including phosphatidylinositol-3-kinase (PI3K). PI3K phosphorylates the membrane phospholipid phosphatidylinositol-4, 5-bisphosphate, creating a lipid-binding site on the cell membrane for a serine/threonine kinase called Akt (also called Akt1 or protein kinase B). Fiber hypertrophy of the plantaris muscle after mechanical overloading was completely blocked by treatment with rapamycin, an inhibitor for the downstream molecule Akt, the mammalian target of rapamycin (mTOR) [6] . In addition, a transgenic mouse with a constitutively active form of Akt in adult skeletal muscle exhibited rapid and significant skeletal muscle hypertrophy [7] .
Another target stimulated by IGF-I signaling is calcineurin. A Ca 2+ /calmodulin-dependent protein serine/threonine phosphatase, calcineurin has been implicated as a molecular decoder modulating the differentiated myoblasts that fuse into myotubes [8] and regenera-tion of skeletal muscle fibers [9] [10] [11] [12] [13] or enhancing the slower transformation of myosin heavy chain (MHC) and fiber types [14] [15] [16] . Although several lines of evidence exclude a functional role for calcineurin in the hypertrophy of muscle fibers in vivo [6, 16, 17] , much evidence obtained using several transgenic mice or pharmacological inhibition of calcineurin [13, 18, 19] , indicates a selective influence of calcineurin on the size of the anti-gravity/postural soleus muscle. However, no downstream modulator of calcineurin signaling has been identified.
Interestingly, immature myotubes expressing developmental MHC exist in the mechanically overloaded muscle [15, [20] [21] [22] , although it is believed blindly that muscle hypertrophy does not include the neo-formation of muscle fibers [23] . Several previous findings [24, 25] imply a break in the integrity of the plasma membrane to be essential for muscle hypertrophy, releasing chemical mediators (growth factors) of remodeling stored in the cell cytosol (e.g. FGF). If this is the case, the muscle hypertrophy elicited by mechanical stress would include a damage-regeneration (remodeling) phase, during which immature myotubes would emerge. In fact, mechanical overloading of skeletal muscle leads to wide-ranging inflammation [26, 27] and the expression of inflammatory cytokine in immune cells [28] . Furthermore, the growth of myotubes seems to be regulated by NFATc1 and/or NFATc3, downstream targets of calcineurin signaling. After stimulation by IGF-I and calmodulin, calcineurin promoted myotube growth by co-operating with NFATc1 and GATA-2 [29] . On the other hand, overexpression of calcineurin and NFATc3 dramatically enhanced the differentiation and expression of slow MHC in 10T1/2 cells in vitro [30] . These results prompt us to hypothesize that NFATc1 and/or NFATc3 by stimulating calcineurin enhance the growth of immature fibers in the soleus muscle after mechanical overloading.
The purpose of this study was twofold. The first goal was to determine whether the fiber hypertrophy of mature soleus muscle includes neonatal MHC-positive myotubes. The second was to determine whether the pharmacological inhibition of calcineurin activity modulates the expression pattern of neonatal MHC, NFATc1 and NFATc3 in the overloaded soleus muscle in vivo.
MATERIALS AND METHODS

Experimental Animals
Ninety-two male ICR mice (30 -40g, 10 -12 weeks) were used in the experiments. The mice were housed in a temperature (22 ± 2) and humidity (60 ± 5%)-controlled room regulated to provide alternating 12-h periods of light and darkness. They were allowed to feed (commercial rat chow) and drink ad libitum. This experimental procedure was approved by the Committee for Animal Research in Toyohashi University of Technology.
Compensatory Enlargement and Cyclosporin A Injection
Compensatory enlargement of the soleus muscle was induced in one leg of each mouse by surgical removal of the ipsilateral gastrocnemius muscles as described previously [18] . A sham operation was performed on the contralateral leg after the mice were anesthetized with an intraperitoneal injection of sodium pentobarbital. These mice were treated with either CsA (25 mg/kg, intraperitoneally, n = 30) or vehicle (10% Cremophor (Novartis) and 5% Ethanol, n = 30) once daily. Treatment with these chemical agents did not affect health (from general observations or autopsy results), growth (body weight did not differ among mice at any time during the treatment), or the daily amount of locomotive activity displayed by experimental animals. Using an excess pentobarbital administration, mice were killed and the soleus muscles of both legs were dissected at 2 (N = 12), 4 (n = 28), 7 (N = 12), 10 (n = 28), and 14 (N = 12) days post-surgery.
Primary Antibodies
The antibodies employed in the present study were as follows: affinity-purified mouse monoclonal antibody to neonatal MHC 
Tissue Preparation, Gel Electrophoresis, and Immunoblotting
The soleus muscle of both legs at 4 and 10 days (each timepoint, placebo-treated, n = 8; CsA-treated, n = 8; total n = 32) postsurgery was homogenized in 10-20 vols of 50 mM Tris-HCl pH 7.4, 5 mM EDTA, 10 µg/ml phenylmethylsulfonylfluoride, 0.5 µg/ml leupeptin, 0.2 µg/ml aprotinin, 0.2% NP-40, 0.1% Triton X-100, and 1mM Na 3 VO 4 in a polytron (DIAX 900, Hei-dolph-Instruments, Schwabach, Germany) for 30 s. The homogenized tissues were then centrifuged at 15,000 × g for 25 min at 4˚C, and the protein concentration of the supernatant was colorimetrically determined (Bio-Rad protein determination kit, Bio-Rad Laboratories, Richmond, CA). Sodium dodecylsulfate-poly-acrylamide gel electrophoresis (SDS-PAGE) (12.5% acrylamide) and Western blotting were performed next as described previously [18] . Proteins separated by SDS-PAGE were electrophoretically transferred onto nitrocellulose membranes (Hybond-ECL Western, Amersham, Arlington Heights, IL). The blots were then incubated with blocking buffer composed of 0.1% Tween-20 and 1% gelatin in 10 mM Tris-buffered saline (TBS, 10 mM Tris, 135 mM NaCl, 1 mM KCl, and 0.02% NaN 3 , pH 7.4) for 10 min. The blots were next incubated with primary antibodies overnight, and with goat anti-rabbit IgG-conjugated AP (1 : 10000, Promega Co., Madison, USA) for lh and were visualized with Western blue, a stabilized substrate for alkaline phosphatase (Promega). A densitometric analysis of each blot was performed with a computerized image processing system (NIH Image 1.63).
Immunofluorescence
Mouse soleus muscle was isolated and frozen in isopentane at 2, 4, 7 and 10 (each timepoint, placebo-treated, n = 6; CsA-treated, n = 6; total n = 48) days postsurgery. Serial 7-µm transverse sections made with a cryostat (Microm Coldtome, HM-520, Germany) were mounted on silanized slides (Dako Japan, Tokyo). Cryosections were fixed with methanol (3 min) and incubated in blocking solution (2.5% -10 % normal horse serum in PBS) for 30 min at room temperature. Sections were incubated for 60 min with anti-NFATc3 or NFATc1 and anti-neonatal MHC antibodies at 4˚C overnight. After being washed in PBS, sections were incubated with anti-mouse or anti-rabbit FITC-conjugated (1:100 final dilution; Rockland Immunochemicals, Inc., USA) and anti-goat Rhodamine-conjugated (1 : 100 final dilution; Chemicon International Inc., USA) secondary antibodies. The muscle sections were mounted in a slowfade antifade kit with 4'-6-Diamidino-2-phenylindole (DAPI) (Molecular Probes, Eugene, OR). Images were acquired on an Olympus BX50 inverted microscope with a fluorescent attachment (Olympus) and Photonic Science CCD camera (Olympus DP70). As described previously [26] , we calculated in percentages of the co-localization between neonatal MHC and NFATc3 in myotubes/ myofibers in the placebo-mechanical overloaded (MOV) and CsA-MOV mice at 2, 4, 7 and 10 days by analyzing 500 -700 myotubes/fibers from 6-10 different parts of cross-sections using 6 animals.
Morphometric Analysis
At 14 days, the cross-sectional area was determined for at least 200 fibers of each type (slow and fast) at different positions throughout the muscle with an image analysis computer program (NIH Image 1.63). At 4 and 7 days, we determined the mean cross-sectional area of neonatal MHC-positive myotubes/myofibers.
Statistical Analysis
All values were expressed as the mean ±S.E.M. A two-way analysis of variance (ANOVA) was used to evaluate the significance of differences in the protein levels of GSK-3, or the weight and cross-sectional area between two groups (placebo vs. CsA) and two conditions (sham vs. overload). Tukey's post hoc tests were conducted if the ANOVA indicated significant interactions. P < 0.05 was considered to be statistically significant.
RESULTS
To analyze the effects of CsA on the hypertrophic response of soleus muscle fibers, ICR mice were subjected to a surgical ablation of the ipsilateral gastrocnemius muscle and treated with placebo or CsA at 25 mg/Kg for 2 weeks. The weight of the soleus muscle had significantly increased after mechanical overloading in the placebo-treated mice (control 10.8 ± 0.3 mg vs overload 14.6 ± 0.8 mg) but not CsA-treated mice (control; 10.0 ± 0.4 mg vs overload; 11.5 ± 1.0 mg). Compared with that in the non-operated soleus muscle, the cross-sectional area of slow and fast fibers was significantly increased in the mechanically overloaded soleus muscle of placebo-treated mice, by 30% and 35%, respectively ( Table  1) . The treatment with CsA had completely blocked the hypertrophy of both muscle fibers.
To understand the cellular localization of NFATc3 and neonatal MHC in mechanically overloaded soleus muscle, we performed immunofluorescence labeling of a single cryosection of the mice treated with placebo and CsA. After 2 days of mechanical overloading, immunoreactivity for NFATc3 and neonatal MHC existed in some myotubes in the soleus muscle (data not shown).
The inhibition of calcineurin did not change the expression pattern of either protein ( Table 2 ). Figure 1 indicates the results of the quantitative analysis of NFATc3-and neonatal MHC-positive myotubes in the mechanically overloaded soleus muscle of both placeboand CsA-treated mice at 4 days. At 4 days, placebo-treated mice possessed similar amounts of neonatal MHC-positive myotubes in the muscle to CsA-treated mice. We observed a similar co-localization of neonatal MHC and NFATc3 in the soleus muscle both in pla- cebo-treated and in CsA-treated mice. However, the soleus muscle of CsA-treated mice appeared to have smaller neonatal MHC-positive myotubes. The co-localization pattern for NFATc3 and neonatal MHC at 7 days is demonstrated in Figure 2 . Placebo-treated mice more frequently had neonatal MHC in the soleus muscle after mechanical overloading than did CsA-treated mice. Many large myotubes/ myofibers expressing neonatal MHC were observed in the placebo-treated mice at 7 days. Quantitative analysis clearly showed significant percentages of the myotubes/ myofibers to possess neonatal MHC, or both neonatal MHC and NFATc3, but not NFATc3 alone (Figure 2(i) ).
Copyright © 2011 SciRes. AJMB We examined the cross-sectional area of neonatal MHC-positive myotubes in the soleus muscle at 4 and 7 days. At 4 days, mean fiber area was significantly smaller in the CsA-treated mice than placebo-treated mice (Figure 3(a) ). CsA-treated mice possessed small neonatal MHC-positive myotubes more frequently than placebo-treated mice (Figure 3(b) ). The cross-sectional area of neonatal MHC-positive myotubes was significantly increased in placebo-treated mice from 4 to 7 days (Figure 3(a) and (c) ).
Figure 2. At 7 days post-surgery, mechanical overloading induces marked expression of both neonatal MHC and NFATc3 in a group of myotubes and/or myofibers ((a), (b) and (c)). These neonatal MHC-positive myotubes/ myofibers were very large ((a) and (c)). Calcineurin's inhibition markedly decreased the expression of neonatal MHC in the myotubes/myofibers((e), (f) and (g)). Quantitative analysis clearly showed significant increase in
NFATc3 is known to be regulated by GSK-3 [31] . More GSK-3 would affect the functional role of NFATc3, even if a similar amount of NFATc3 existed in the mechanically overloaded soleus muscle in both placebo-treated and CsA-treated mice. Western blot analysis showed a prominent band of GSK-3 at 46 kDa.
The densitometric analysis at 4 and 10 days showed no significant changes in the amount of p-GSK-3/ GSK-3 protein after mechanical overloading or CsA treatment (Figure 4) .
After 10 days of mechanical overloading, immunoreactitivity for NFATc3 and neonatal MHC existed in some myotubes in the soleus muscle (data not shown). The inhibition of calcineurin did not change the expression pattern of either protein at this stage ( Table 2) .
We performed immunofluorescence microscopy for NFATc1 and neonatal MHC in mechanically overloaded soleus muscle. Although NFATc1-immunoreactivity was observed in some mononuclear cells, the immunolocalization of NFATc1 did not correspond that in neonatal MHC-positive myotubes (Figure 5 ).
Discussion
Two main conclusions can be derived from the findings of the present study. First, CsA, a potent inhibitor of calcineurin, clearly blocked the hypertrophy of fibers in the soleus muscle after surgical removal of the gastrocnemius muscle. Second, CsA at 25 mg/Kg inhibits the growth of neonatal MHC-positive myotubes and/or myofibers in the hypertrophied soleus muscle of mice.
Michel et al. found that CsA regimens using lower dosages (i.e. 5 -10 mg/Kg) and frequencies (once daily) of drug administration resulted in less-marked inhibition of calcineurin activity (i.e. < 20%). In fact, these lower doses of CsA failed to prevent fiber hypertrophy in overloaded rat skeletal muscles [6, 32] . We selected a dosage of 25 mg/Kg, because our previous studies [11, 12] 
Copyright © 2011 SciRes. AJMB demonstrated that this markedly prevents the regeneration of fibers in the tibialis anterior muscle. This dose given to mice or rats reduces calcineurin activity in skeletal muscles by > 50% [32] , although the present study did not examine calcineurin activity. In fact, CsA at 25 mg/Kg once daily in our previous study [18] blocked both fiber transformation and hypertrophy of the soleus muscle of mice after mechanical overloading. Therefore, the amount and frequency of CsA treatment employed here would be appropriate. Using mechanical overloading for the plantaris muscle of rats, Dunn et al. [15] showed the appearance of immature myotubes possessing embryonic MHC. They indicated that these many embryonic myotubes regenerated fibers in the hypertrophic plantaris muscle after me- chanical overloading. In addition, we also observed neonatal MHC isoforms in a small proportion of myotubes and/or myofibers during 4-7 days in the soleus muscle of mice after mechanical overloading. Therefore, the rodent soleus and plantaris muscles after mechanical overloading seem to receive damage to muscle fibers and undergo degeneration/regeneration. In fact, mechanical overloading induces wide-ranging inflammation involving infiltrating monocyte cells, and increased expression of various cytokines [26] [27] [28] . A break in the plasma membrane has been indicated to be essential for muscle hypertrophy, releasing chemical mediators (growth factors) of remodeling stored in the cell cytosol [e.g. fibroblast growth factor (FGF)] [24, 25] . However, some classical research indicates no neo-formation of muscle fibers after mechanical overloading. Gollnick et al. [23] found no significant change in fiber numbers after mechanical overloading on directly counting individual fibers dissected from HNO 3 -treated muscles. Unfortunately, this laborious analysis could not determine whether degeneration/regeneration occur in the hypertrophic muscle after mechanical overloading, because it is possible that the numbers of newly formed fibers in hypertrophic muscles equal those in damaged and there
Copyright © 2011 SciRes. AJMB Table 2 . The percentage of muscle fibers prossessing Neonatal MHC and/or NFATc3 in the soleus muscle at 2 and 10 days after MOV. after necrotic/apoptotic fibers. We recognized the appearance of the neonatal MHC isoforms in a high proportion of soleus muscle fibers in both groups after 4 and 7 days of overload (~20% compared with ~0.1% in either control group). These immature fibers could reflect the reexpression of this developmental isoform in existing mature fibers or the presence of new fibers. On the basis of the various sizes and the gradual growth with days of the myofibers containing neonatal MHC, it seems that the majority of these fibers are newly formed. Phelan and Gonyea [21] also recognized, in rodent hypertrophic soleus muscle after synergistic ablation, several populations (7%) of embryonic MHC-positive myofibers. In addition, they suggested that these immature fibers are newly formed through satellite cell fusion because of the almost complete abolition of small fibers in irradiated muscle. Furthermore, embryonic MHC mRNA and protein have been detected in overloaded rat hindlimb [22, 33] and in stretch-overloaded chicken ALD muscles [34] .
The process by which satellite cells form myotubes is regulated by IGF-I-calcineurin signaling similar to myogenesis (myogenic differentiation). The downstream regulators of calcineurin are the four NFATs as well as the MEF2 family [13, 35] . NFATc1 and NFATc3 promote the myogenic differentiation in vitro [30, 36] . More recent findings [37] demonstrated the nucleocytoplasmic shuttling, after electrical stimulation, of all 4 NFAT isoforms in the EDL muscle of rats. These results suggest that NFATc1 and/or NFATc3, by stimulating calcineurin, enhance the growth of immature fibers in the soleus muscle after mechanical overloading. However, in the active differentiation phase (4 days), there was no change in the co-localization of neonatal MHC and NFATc3 in the overloaded soleus muscle after calcineurin inhibition (Figure 1) . Treatment with CsA did not affect the percentage of fibers expressing NFATc3 in the muscle. In addition, the expression pattern of GSK3, a major regulator of NFATc3 signaling [31] , was not altered in the soleus muscle by CsA treatment. Furthermore, the localization of NFATc1 did not correspond to that in neonatal MHC-positive myotubes (Figure 5) , although NFATc1-immunoreactivity was observed in some mononuclear cells. Therefore, NFATc1 and NFATc3 may not help to regulate the expression of neonatal MHC.
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Other NFAT family members may regulate the hypertrophic process in the soleus muscle. Calabria et al. [37] found using RNA interference that all of the NFAT family regulate the expression of slow MHC in the regenerating soleus muscle of mice. Although NFATc4 seems to activate the mRNA expression of all forms of MHC (slow, MHC2A, MHC2X, and MHC2B), it regulates MHC2B mRNA expression differently to the other NFAT isoforms. Indeed, the amount of NFATc4 mRNA is reported to be significantly lower than that of any other NFAT in the slow-type soleus muscle. NFATc4 does not seem to regulate the hypertrophy of slow-twitch skeletal muscles. In contrast, mice with a null mutation of NFATc2 showed smaller type I as well as type II fibers in the soleus muscle [38] . In addition, growthretardation after muscle damage was recognized in the muscle of NFATc2-/-mice [38] . Thus, further study will be required to investigate the functional role of NFATc2 in the hypertrophied soleus muscle.
Some controversy exists as to whether all NFAT isoforms are expressed in skeletal muscle. Although the presence of all 4 NFATs has been shown at the RNA [39] and protein [40] level, some studies could not detect the expression of NFATc3 and c4 [9, 41] . More recent findings [37] also indicated the expression of all 4 NFATs in adult skeletal muscle of the rat. The present study did not detect NFATc3 in control non-operated soleus muscle of mice. In non-operated soleus and EDL muscle of rats, immunolabeling of NFATc1 and NFATc4 was detected in myonucleus and/or satellite cells. Although this study indicated the presence of NFATc2 and NFATc3 in the myonucleus in control muscle, microphotographs did not show the existence of these proteins. Therefore, it may be difficult to show the cellular distribution of NFATc2 and NFATc3 in non-stimulated muscle as reflecting mRNA abundance.
The results presented in this paper highlight the complexity of calcineurin signaling during the hypertrophy of anti-gravity/postural soleus muscle in vivo. Calcineurin may regulate the expression of Neonatal MHC independent of NFATc1-and NFATc3 -dependent pathways. More work will be required to dissect each of the NFAT pathways to define the mechanisms and substrates of calcineurin in the overloaded soleus muscle. 
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